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A  HUH -SPEED  OPTICAL  SHUTTER  FOR  FORMIHO  A 

;AS£R  emission  pulse 

by 

V.A.  Gribkov,  G.V.  Skliskov, 

E.I,  Fedotov  and  A.S.  Snikancv 

AiBSTPACT 

\ 

Thisj-aper  reports  on  otuaies  on  the  spatial  uni- 
f;rF,itY  rnc  tir.j  characteristics  of  the  Kerr  cell.  It 
f.raJjies  the  optimal  constitiction  and  electrical  parameters 
of  a  Kerr  cell  designed  to  ferm  light  pulses  with  minicc-l 
rise  t_riC,  The  snul/;.is  shows  it  is  possible  to  build  a 
.'iaitvvr  gj  vine  (■  series  of  light  pulses  of  —  durKtion. 

A.  htrr  cell  with  v.-.ich  a  light  monopulse  o!'  d,c.-r,sec  duratio;; 

■  nvi  be  ebta'r?!  is  (  escrib<*.\  ''.uby  laser  jight  ot  such  dcru- 
tiot  vac  used  in  /•.  cev^igr.  ;  or  cevsn'-friurt'  shadow  photography 
cf  ;.igh-speed  c’-ocejses.  'ii'.c  sevei.'-lrems  photograph  of  a 
•'.'rr  V;  w^ve  caussc  by  t;-s  evpuroion  cf  a  laser  oparK  is  Showr. 

i  lev,  tro-op  icP-l  Bhutto;  s  c-f  th.  Terr  cell  tvpe  arc  used  in  Q- 

i.td  In:  err-  in:  contj-llirg  th.e  resonator  C,  Jincr.  tr.ey  have  better  high 
1  act.  cr.  ft/id  ice  more  r.;Tis'  lt  t;.r.,n  Pov '  cla  aht'tcrs.  High-speed  K  ;rr 
V  h{’/e  he-,'!  used  tc  sy  ;chr  vni r-<;  £ev?Toi  lasers,  to  form  cvjincident  light 
\l,l],  lov  ig;h-.pcel  phctcF.i‘':>hy  oJ  rapidly  developing  prccefse.'^  [ij 

It  noted  tr.at  li  vr.j'.g  c.j:tica*  r:e'v:;o-  c 


It  o.noalv 


t3,ich  as  shadow  pho<;o" 


t- 


i;. 


r 

r 
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raphy,  self-lumiDaDce  phocography  and  intr  'ferometry)  to  study  an  object 
moving  with  a  velocity  of  ~  10^  to  10®  cm/sec,  the  spatial  resolution  ie  limited 
basically  by  the  exposure  time.  Thus,  for  example,  in  recording  a  shock  wave 
passing  through  a  rarefied  gas  with  a  velocity  v  ~  3*10^  cm/sec  [1]  and  an 
exposure  time  t  ~  1,5*10“9  sec,  the  limiting  resolution  is  d  ~  vt  -  O.I45  mm. 
Therefore,  in  order  to  study  objects  with  a  resolution  of  ~  0,1  to  0,01  mm 
one  must  have  a  light  pulse  with  a  duration  on  the  order  of  10*^0  to 
In  principle,  pulses  of  such  duration  can  be  obtained  with  a  mode-locked  laser. 
However,  the  emission  from  such  a  laser  consist's  of  a  series  of  spikes  with  a 
time  interval  between  spikes  on  the  order  of  ~  10  ns£c,  and  in  order  to  use  it 
as  a  light  source  for  optical  research,  ve  must  be  able  to  isolate  a  single  pulse 
from  the  pulse  train  with  the  aid  of  a  Kerr  cell  [2], 

The  present  work  was  initiated  ’'or  the  purpose  of  d<  veloping  a  high¬ 
speed  Kerr  cell  with  minimal  parasitic  parameters, 

ANALYSIS  OF  KEFR  CELL  OPEPATIOM 

The  essence  of  the  Kerr  effect  consists  in  the  fact  that  certain  isotropic 
materials,  when  placed  in  nrs  electrical  field,  acquire  the  properties  of  uniaxial 
crystals.  The  vsiriation  In  refractive  index  according  tc  the  eltctrica].  field 
Ih  given  by  the  expressions  [4]; 

^11  “  aKE^  {Kerr  law)  (1) 

On  ~  n  “2  (n_j_  ~  n  )  (ilaveiock  law)  (?) 

vher*  n  is  the  refractive  index  of  a  substance  in  the  abt  ence  of  a  flelci,  n|| 

tna  art  the  indices  cf  refraction  for  the  directions  parallel  and  perp- 

endi'.ular  +-o  the  field,  K  is  the  Kerr  constant,  and  E  is  the  voltage  of  the 
electrical  field . 

The  trunemiesion  of  a  Karr  cell  is  expressed  by  the  formula  [5j! 


T  T  J  2  ^ 

I  ■  I  oin 

P  2 


(3) 


6(p  -  2  itK  i  e'’  , 

vhers  I  sr.d  Ip  th«  intir.Blties  of  Xlght  pisElctj  tnrough  and  incident  upon 

the  BhiitUir,  C'j!  Ik  the  yhabs  dlffcreuee  tetvier.  the  tuo  roeponentB  of  the 

iight  po.lsA’ir.fctiui'.  vector  parf-D-el  »;.i  perpendicuioi'  to  the  field  is  the  Kerr 

well,  oiv’.  1  is  thf  length  of  the  plate. 

Of  all  the  materials  which  have  .io-'.ble  vefrcctioji  in  r.r.  electrical  field, 

nitro'Denteae  has  the  largest  Kerr  conctont.  For  i  *•  0,35'.:  under  ncrmal  ccis- 

dittons,  the  Kerr  conataiit  Is  t-iual  to  R  <«  c,2‘xO"5cit“"V“--(  sJ c)  r*  In  the  range 

of  oorwai  aiftperaicn,  the  dependence  cf  the  Kerr  cerstant  cu  the  light  wave- 

ienfph  is  gi'reu  t;/  the  rcla*  iooahip  l(]  K  ~  i. 

>. 

Nl''.rci:enzene  ic  tveifpu'ent  betveen  i‘-00  nod  1100  rr'j^  Figure  1  sLovs  the 
ays^rption  coefficient  oi  nltrchenarns  aa  a  function  o  the  light  vaveltog!;:.  l7 
The  dUeitctric  cor.atunt  of  ettrobentene  in  fretuenrlts  up  to  iC^  He  U 


Fig.  1.  HitroVenueue  absorption  cjrve.  Liglit  wavelength  in  r.n  is  plotted 
along  the  abscissa,  anh  atiocptlon  along  the  ordinate. 


*  Translator’ F-  Nov«?i  Accerding  to  the  tIF  Kundbeok  (2nd  Ed.,  1963., 

page  6-187),  the  Kerr  constant  cf  nitrobenzene  is  act'ially  3.26xi.O"-’r!t/v2. 


35.7,  vhich  is  causad  by  the  presence  of  a  constant  dipole  moment  in  its 
molecules ,  The  conductivity  of  pure  nitrobenzene  is  on  the  order  of 
3*10“^^oha“^ca”^,  llie  electrical  breakdown  limit  depends  on  the  frequency 
and  lies  within  the  limits  ct  ^'lO**  to  2'105  V  'cm,  but  with  very  short  light 
pulses  of  ~  10“9  sec  may  be  significar.  .ly  higher. 

In  using  a  Kerr  cell  in  the  superhlgh  frequency  range,  the  problem  of  the 
Kerr-t^ffect  relajcat if»n  time  oxises.  Measurements  of  the  relaxation  time  of 
rit fobsizev^e  «i  tho  wing  of  the  Rayleigh  scattering  line  [8]  showed  that  the 
aeln  rs.-.sa»ti-jo  processes  in  nitrobenzene  are:  (a)  the  rotational  diffusion  of 
ai'-isotrcpic  moitC'i'les ,  and  (b)  fluctuations  in  density,  which  lead  in  turn  to 
.riuctuatinna  of  the  o^ti  ctl  pezisittivity.  Their  chavacterlatlc  times  are, 
respectively,  10”^“8cc  and  5*lC"^^8ec, 

tfhcr.  using  a  Kerr  cell  with  a  voltage  rise  time  5  1  nsec  for  pulse 
Boduiiitior  of  livht.  a  nvab'ir  of  difficulties  connected  with  its  electrical 
pabi'jie'.eiv  avo  ezco;int«std.  In  the  raajorlty  of  cases,  as  a  result  of  the  high 
permit iivltj-  rf  uitrobnuzeas  fc  36  i,  the  capacitance  of  the  Kerr  cell  is 
quite  and  it  (i?  cnnr>..';^.rer.  as  *  purely  capacitive  load  on  its  power 

supply  gen-arttor,  ir.  tbit  lar-f.-,  the  i.-.inli.um  auratlon  of  the  electrical  pulse 
frevit  at  the  platoi  dntert'-' neh  by  ih'«  time  constant  pCy,  where  p  is  the 
ictirmal  rsBii-ttc'.cs  os  thu  goner atoi’  preduoir^  the  pulses  end  Cjj  is  the  capacitance 
of  the  Kerr  ■  ti.l. 

The  cupAcitance  5s  catpooed  cf  ihe  capacitance  of  the  ’  ates  and  the 
cwp&oitunc-i  if  th*  ieuln;  C,,  '.'.he  latter  can  be  reduced  to  values 

ij  j.  CA  in  prsct.Icc,  Toe  ctpacitance.  of  th<;  plates  is  determined  by  their 
geonetx/..  For  the  iroductior.  of  s  horaoecneous  field;  the  width  of  the  plates 
Brtiit  he  greater  thin  th».  distance  betveen  them,  in  order  to  keep  the  deviation 
in  the  ilild  voltage  over  a;i  apri’-tur? 


cf  di'imeter  d  (equal  to  the  distance 


1 


be^-veen  '  plfttefl)  I'r'^  exceeding  IJ,  the  width  of  the  pistes  would  have  to 
ue  5  2d»  For  a  phase  difference  ui  between  ccdponents  of  the  light  polarisa- 
■cion  vrccor,  v.e  may  write  the  expression  for  the  capacitance  of  the  platre, 
ur'.ng  relationship  (l),  in  the  form 

r  .  ^  „  li  „  (±p__ 

P  Uird  lit  (2ff)2KE2  ^  ‘  ^ 

vhere  c  is  the  permittivity  and  K  is  the  Kerr  constant  of  nitrobenzene,  I”  is  the 
area  of  the  plates  and  £  Is  the  voltage  of  the  electrical  field.  When  54i  >  2n, 

X  ■  69l»3X  and  E  =  J'lO^  cgs  eau,  the  values  for  the  capacitance  of  the  plates  and 
the  total  capacitance  are  Cp  a  1  cm  and  Cj^  2  cm,  and  the  time  constant  of  the 
herr  cell  for  p  ■  ^.3*10"^^  cgs  esu  (75  ohms)  amounts  to  pCj^  —  1.6«10“^^sec. 

In  order  to  form  light  pulses  with  minimum  amplitude  rise  time,  it  is 
necessary  to  obtain  the  moximum  rate  of  change  of  the  phase  difference  between 
components  of  the  polarization  vector  at  the  output  of  the  Kerr  cell.  To  estimate 
what  is  possible,  let  us  assume  the  driving  electrical  field  has  the  form  of  an 
Instantaneously  activated  voltage  Uq  at  the  moment  of  time  t  ■  0,  It  is  clciar 
that  the  form  of  the  voltage  on  the  plates  of  the  Kerr  cell  is 

U  =  Uq(1  -  .  (5) 

Using  Eq,  (3)  for  the  phase  difference  and  its  derivative,  we  can  write  the 
expressions: 


6<p(t) 


IrrK;  ^1(1- 


6<pCt) 


(I  -  . 


(6) 
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From  the  last  expression  we  can  obtain  a  value  for  the  maximum  rate  of  change 
in  the  phase  difference: 


6(p 


max 


rKlUp 

2  * 
<  pCy 


a) 


1 
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This  value  is  reached  at  the  moment  of  time 

t  <■  pCj^in^. 

Disregarding  the  capacitance  of  the  leads,  when  •  Cjj  ■  ^  w#  have 

,  •  ZiT^KEo 

6^  - - .  (8) 

max  p  (  '  ^ ' 

Thus,  for  K  ■  2,2*10“5j  E  -  IC^;  and  p  ■  I.I’IO"^^  (p  ■  10  ohms),  we  obtain 

«*max  “ 

If  the  voltage  amplitude  Uq  is  large  enough  that  the  phase  difference 
between  components  of  the  polarization  vector  significantly  exceeds  2-,  then 
a  beam  of  light  passing  through  a  Kerr  cell  placed  between  two  crossed 
polarizers  appears  to  be  modulated  according  to  a  law  determined  by  Eq..  (3), 
from  which  it  is  evident  that  the  light  will  consist  of  a  series  of  spikes, 
and  the  length  of  the  entire  series  will  equal  the  duration  of  the  voltage 
rise  front  in  the  Kerr  cell. 

Let  UB  determine  the  duraticn  t  of  the  first  spii.e  after  t  0,  From 
(3)  it  follows  that  I  »  0  for  KiEq^»II,  whftrc  K  is  an  integer  and  the  voltage 
;i,B  Eq  *  Urt/d,  Using  Eq,  15),  we  may  write 


50  (  I  -  -  1 


whence,  for  K  >>  1,  we  obtain 


‘  21*1/ 2Eg 

From  the  last  expression  it  fellows  that  when  K  »  2,2’10"5j  E  ■  lO^j 
p  *  1,1*10“^®  (p  -  10  ohms);  i  »  1  cm;  and  c  ■  36,  the  duration  of  the  first 
spike  is  z  «  i.S’lO'llsec. 

It  should  be  noted  that  these  estimates  were  made  without  consideration  of 
the  finite  time  required  for  the  light  to  pass  through  the  Kerr  cell,  which  may 
have  some  effect  on  the  duration  of  the  spike. 
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CONSTRUCTION  OF  THE  KERB  CELL 


A  K«rr  c«ll  is  usually  made  In  the  form  of  o  fl.st  condenser,  placed  in 
a  glass  cuvetts  with  nitrobenzene.  Certain  difficultiee  are  encountered  in 
reducing  the  stray  capacitance  when  the  construction  is  designed  for  high* 
speed  operation,  since  the  necessary  high  voltage  insulation  requires  lengthen¬ 
ing  the  electrical  leads  from  the  condenser  plates.  In  our  case,  the  cuvette 
containing  the  nitrobenzene  was  made  of  metal  and  served  as  one  of  the  electrodes. 


to 

modulator 


5  atm 


2,  Overall  view  of  high-speed 
Kerr  cell:  1  -  cell  casing',  2  - 
cell  cavity ,  filled  with  nitro¬ 
benzene;  3  -  plates;  -  optical 
windows;  5  -  electrode;  6  -  teflon 
insulator;  7  -  cavity  filled  with 
oil  under  5  atm  pressure;  8  - 
textolite  collar;  9  -  holder  for 
Clan  prism,  attached  directly  to 
the  Kerr  cell  casing. 


Figure  2  shews  nn  overall  view  of  the  Kerr  cell.  The  lower  plate  is 
atteohel  directly  to  the  casing,  while  the  upper  one  is  attached  to  the  in- 
ouiator,  through  which  the  high-voltage  electrode  passes.  The  high-voltege 
lead  and  the  external  part  of  the  insulator  ore  filled  with  pure  transformer 
oil.  The  capacitance  of  the  Kerr  cell  leads  in  this  construction  is  ~  2 
with  an  Inductance  of  L  ~  3  nil.  Since  the  insulator  also  serves  as  a  gasket 
to  separata  the  oil  from  th.e  nitrobenzene,  extreme  care  must  be  used  in  its 
manufacture,  because  the  slightest  penetration  of  one  liquid  into  the  otlier 
makes  the  Kerr  cell  completely  unsuitable  for  operotlon.  Just  as  much  care  must 
also  be  exercised  in  finishing  the  metal  surfaces  which  will  come  into  direct 
contact  with  the  teflon.  The  criterion  for  good  assembly  of  a  Kerr  cell  is 
the  complete  absence  of  any  odor  of  nitrobenzene.  In  the  Kerr  cell  used  in  the 
resonator,  the  plates  have  dimensions  of  20  x  ko  mm^,  while  in  the  cells  used 
for  pulse  sharpening  the  plates  have  dimer.sions  of  12  x  12  mp^.  Tlie  dimer.sicns  of 
the  inner  cavity  of  the  metal  casing  were  chosen  such  that,  on  the  one  hand,  ti.e 
distance  of  all  points  on  the  h.gh-voltage  electrode  from  the  casing  would  be  as 
large  as  possible,  to  increase  the  capacitance  of  the  casing  electrode}  and  on 
the  other  hsuid,  as  small  as  possible  in  order  to  decrease  the  inductance  of 
the  leads.  According  to  cur  estimates,  this  cH  stance  must  be  on  the  order  of 
1.5  d.  All  current-carrying  surfaces  were  silvered  and  carefully  polished. 
Although  the  presence  of  the  silver  also  increases  the  conductivity  of  the 
nitrobenzene,  when  using  a  Kerr  cell  to  control  voltage  pulses  of  ~  10"’^sec 
in  duration,  studies  on  the  space-fcin.e  parameters  of  the  Kerr  cell  show  no 
irregularities  in  the  optical  jircperties  of  nitrobenzene  caused  by  the  passage 
of  a  current  through  the  Kerr  cell. 

SPATIAL  U:JIrOP”lTY  OF  TUL  KERR  CELL 

A  Study  of  the  spatial  uniformity  of  the  light  field,  which  is  determined 


-  e  - 


by  the  unifonaity  of  the  electrical  field  between  the  plates,  vaa  performed  by 
a  ihodovgraph  method  with  crossed  polarizers.  A  diagram  of  the  experiment  is  ehovc 
ill  Fig.  3.  The  light  beam  was  produced  by  a  Q-awitched  ruby  laser,  in  which  the 
resonator  vae  switched  by  another  Kerr  cell;  the  energy'  was  0.5  J  and  the  pulse 
duration  was  Uo  nsec.  The  amplitude  of  zhe  controlling  electrical  pulse  in  the 


Fig,  3.  Plan  of  experiment  for  shadow-method  investigation  of  the  spatial 
uniformity  of  the  inter-electronic  space  of  a  Kerr  cell  at  the  momert 
an  electrical  pulse  is  fed  to  it:  1  -  Q-switched  rub'  laser;  2  -  colli¬ 
mator;  3  »  Kerr  cell;  -  Clan  pi.srcs;  5  -  objective,  6  -  photographic  plate. 

Kerr  cell  to  be  studied  was  chosen  suci»  that  the  phase  difference  of  the  vector 

components  of  the  polarization  of  light  passing  through  the  cell  would  change 

by  2ti  during  the  voltage  rise  front  on  the  cell  plates.  The  moment  the  voltage 

was  fed  to  the  Kerr  cell  coincided  with  the  maximum  intensity  of  the  J'uby  laser 

beam.  The  characteristic  shadowgraph  is  shown  in  Fig.  it.  The  least  darkening 

is  observed  in  the  tiadle  part,  between  the  plates,  and  is  determined  by  the 

minimal  exposure  time,  equal  to  the  voltage  pulse  front  duration  i 1.5  nsec. 

The  significant  darkening  at  the  edges  and  near  the  surface  of  the  plates  is 

caused  by  Incomplete  closure  of  the  shutter  for  a  change  in  the  phase  difference 

by  an  amount  leas  than  2::  in  the  first  case,  and,  in  the  second  case,  by  on 

ameunt  greater  than  2",  due  to  an  increase  in  the  field  voltage  as  a  result  of 

the  localization  of  impurity  particles  near  the  surface  of  the  plates. 
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Fig,  •*.  Shadowgraph  Bhowing  the  trancmlBslon  of  a  Kerr  cell,  viewed  in  heam 

rroBB  section  (polarizev  and  analyzer  crossed). 

In  order  to  eliainate  the  question  of  whether  schlieren  distortions 
occur  in  nitrobenzene  under  the  influence  of  a  varying  electrical  field, 
shadow  photography  of  the  cell  was  performed  by  the  Topler  method,  using  a  single 
optical  knife  with  two  different  positions  of  Its  edge  --  parallel  and  perpendicular 
to  the  direction  of  the  electrical  field.  Figure  5  shows  the  characteristic 
schlieren  photographs,  from  which  It  may  be  seen  that  durin  the  time  the 
electrical  pulse  is  applied  to  the  Kerr  cell  10~^eec),  no  significant 
schlieren  inbonogeneitiec  appear. 


Fig.  ^a 
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Fig.  Characttrihtlc  achlleren  photographs  of  the  Inter-electrode  space  of  a 
Kerr  call  at  the  ocment  of  feeding  it  the  electrical  pulse.  Exposure 
time  of  the  fraste  is  ~  30  nsec:  (a)  -  Edge  of  the  optical  knife  placed 
orthogonal  to  the  vector  of  the  electrical  field  voltage  within  the  Kerr  eell( 
(h)  -  Edge  of  the  optical  knife  rotated  by  90°. 

INVESTIGATION  OF  THE  TIKE  PARAMETERS  OF  THE  KERR  CELL 


The  operating  tiiue  of  the  Kerr  cell  was  determined  by  the  duration  of 
the  light  pulse  formed  by  it,  as  shown  in  the  diagram  of  Fig.  6.  In  the 
chopping  cell  we  used  plates  with  dimensions  of  12  x  12  mm^,  and  the  dis¬ 
tance  between  them  was  chosen  such  that  the  phase  difference  between  polariza¬ 


tion  vector  components  at  the  front  of  the  electrical  pulse  amounted  to  2Tt, 

In  order  to  eliminate  the  effect  of  the  non-uniform  electrical  field  near  the 


surface  or  the  plater ,  the  laser  beam  was  focused  in  the  space  between  the 
plates  by  a  lens  with  a  focal  length  of  /  »  200  m  (sic).  The  bean  diameter 
within  the  Kerr  cell  was  significantly  less  than  the  distance  between  the 
plates.  The  form  of  the  light  pulse  at  the  output  of  the  sharpener  (consist¬ 
ing  of  the  crossed  polarizers  3  and  the  Kerr  cell  2)  was  recorded  on  an  1-2-7 
high-speed  oscillograph  with  the  aid  of  the  coaxial  photodiode  9.  With  an 
electrical  voltage  amplitude  of  ■  23  kv,  a  front  duration  of  0.3  nsec  and  a 
distance  between  plates  of  ^  mm,  the  duration  of  the  light  pulse  at  the  output 
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Fig.  6.  Plftu  of  Apparatus  for  forming  a  laser  emission  pulse  vith  the  aid  of 
a  high-speed  Kerr  shutter:  1  -  Kerr  cell  used  for  Q-svltching  the  ruby 
laser}  2  -  high-speed  Kerr  cell;  3  -  Clan  prisms}  ^  -  diaphragm}  ^  - 
generator  for  high-voltage  nanosecond  pulses,  used  to  drive  the  Kerr 
cells}  6  -  lenses}  7  -  ruby  crystal;  8  -  mirror  of  optical  resonator; 

9  -  coaxial  photodiode  (F£K-1^). 

amounted  to  ~  1.^  nsec.  The  characteristic  oscillogram  of  the  pulse  is 
sbovn  in  Fig.  7. 

Using  the  sane  Kerr  cell,  measurements  vere  made  of  the  value  of  64 

max 

The  lay-out  of  the  experiment  was  practically  identical  to  that  shown  in  Fig. 
6,  except  that  the  distance  between  the  plates  was  2  mm,  corresponding  to  an 
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Fig.  ?• 


Fig.  7b 

Fig.  7.  (a)  OscillograB  of  light  pulse  at  output  of  Kerr  shutter  for  a  change 

in  the  phase  difference  by  Saj  (b)  Deteroination  of  the  form  of  the 
electrical  pulse  rise  front  from  the  fora  of  the  light  signal. 
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electrical  field  voltage  in  the  cell  of  ~  1*00  cgs  esu.  The  total  change  in 
the  pheae  difference  at  the  front  of  the  electrical  pulse  therefore  amounted 
to  9^i  thus,  at  the  output  of  the  sharpener  the  light  vas  chopped  into  a  series 
of  apikes.  The  characteristic  oscillogram  of  this  type  o.  light  pulse 

ia  ahovn  in  Fig,  8,  The  value  of  vas  determined  from  the  relationship 

6^  “  2ii/t,  where  t  is  the  duration  of  the  first  spike  on  the  base,  and  amounted 
to  2*10^  8ec“^.  The  calculated  value  of  dinax  given  geometry  of  the 

plates  ia  equal  3 -109  sec"^. 


Fig.  8.  Characteristic  oscillogram  of  a  series  of  light  pulses  obtained  by 
means  of  c  Kerr  shutter,  for  a  change  of  9t  in  the  phase  difference  be¬ 
tween  components  of  the  light  polarization  vector. 

The  technique  of  pulse  modulation  of  light  by  the  front  of  an  electrical 
pulse,  for  all  its  relative  simplicity,  nevertheless  possesses  a  number  of 
serious  shortcemings.  These  are,  first,  the  difficulty  in  obtaining  a  minimal 
tranamiaslon  on  the  flat  part  of  the  controlling  pulse,  and  second,  the  need 
for  establishing  a  high  degre i  uiiiformity  in  the  electrical  field  in  the 
Kerr  coll;  this  imposes  a  limitation  on  the  value  of  the  capacitance  Cj^  and, 
consequently,  on  the  limiting  duration  of  the  light  pulse.  In  this  respect  the 


method  of  modulating  with  a  short  electrical  pulse  appears  to  be  significantly 
more  advantageous. 


s  6 


Fig.  9.  Plan  of  apparatus  for  modulation  of  light  with  an  ultrashort  elec¬ 
trical  pulse: 

1  -  generator  for  high-voltage  nanosecond  pulses,  with  the  following 

^max  ■  50  kVi  «  2*10-'8ecj  2.3*10“98eci 

2  -  nanosecond  pulse  sharpener,  which  shortens  the  duration  of  the 

pulee  front  to  a  value  of  „  o,4.10-98ect 

3  -  differentiating  element  used  to  form  a  pulse  with  a  half-intensity 

duration  of  0,5*10“9Bec; 

4  -  capacitive  divider; 

5  <-  Kerr  shutter; 

6  -  Q-su itched  ruby  laser; 

7  -  coaxial  photodiode  (F£K-1^). 

Modulation  of  this  type  was  achieved  by  the  technique  illustrated  in 
Fig.  9.  The  formation  of  a  short  electrical  pulse  was  made  in  the  following 
manner.  The  leading  front  of  a  pulse  from  a  high-voltage  square-pulse  generator 
(1),  with  a  duration  of  if  ~  2  nsec,  was  shortened  by  a  sharpener  (2)  to  a 
value  of  Tf  0.4  nsec.  The  puls«  wae  then  differentiated  by  means  of  a 
coaxial  differentiating  section  (3),  forming  at  its  output  a  positive  pulse  with  a 
duration  approximately  equal  to  the  duration  of  the  leading  front  with  an 
exponiutlal  drop.  The  form  of  the  pulse  at  the  output  was  recorded  with  the  aid 


f 
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cf  A  c«pfcC:i'tive  divider  (^)a  The  ch&racterls'tlc  oBclllogrwii  is  shown  in 
Flf  ins. 


-■ 

A  . 


b) 

^  /f^nSec^ 

Fig.  10.  (a)  Characteristic  osclUogras:  of  electrical  pulse  after  differentiating 

section;  (b)  characteristic  oscillogram  of  light  pulse  at  output  of  Kerr 
shutter  when  electrical  pulse  shown  in  Fig.  10  (a)  is  fed  to  plates  of  the 
cell. 

In  order  tc  transmit  this  sort  of  pulse  to  the  plates  of  the  Kerr  cell 
without  any  significant  distortions,  the  capacitance  of  the  differentiating 
section  must  be  greater  than  the  capacitance  of  the  cell  and,  at  the  same  time, 
must  satisfy  the  condition  2oC^  Z  ^’lO'^^sec,  whexe  p  is  the  wave  impedance  of 
the  cable.  For  p  •*  73  ohms,  2  nF  and,  consequently,  the  capacitance  of  the 

Kerr  cell  must  be  on  the  order  of  Cj^  ^  2  nF. 

In  the  Kerr  cell  (3)  we  used  3  x  U  mm  plates  set  ~  1.^  mm  apart.  The 
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total  capacitance  of  the  cell  waa  therefore  ^  qF,  and  the  capacitance  of 

the  differentiating  aection  van  ~  2  nF,  With  such  a  ratio  of  capacitancea, 
the  pulae  in  the  Kerr  cell  vas  Integrated  and  ita  air.plitude  at  the  platea 
was  approximately  U  kV,  The  maximum  phase  difference  was  thus  ~  x/6,  which 
corresponds  to  a  shutter  transmission  of  ~  2')%, 

An  oscillogram  of  the  light  pulse  is  shown  in  Fig.  lOh.  The  duration 
between  its  half-intensity  points  is  0.5  nsec.  It  should  be  noted^  however, 
that  this  value  represents  the  upper  limit,  since  the  duration  of  the  recorded 
pulse  is  about  at  the  limit  of  resolution  of  the  coaxial  photodiode. 

APPLICATION  OF  THE  KERR  CELL  TO  HIGH-SPEED  PHOTOGFAPHY 
The  high-speed  Kerr  cell  nay  be  used  as  sua  optical  shutter  to  obtain  a 
series  of  short  (up  to  10~^^sec)  pulses.  A  shutter  of  this  type,  in  combina¬ 
tion  with  linear  image  scanning  in  multistage  image  converter  tubes,  makes  it 
possible  to  obtain  a  multi-frame  photography  of  weakly  luminous  objects  with 
an  exposure  equal  to  the  duration  of  the  pulse.  When  a  laser  Is  Q-switched 
by  a  Kerr  cell  which  is  fed  with  a  sequence  of  electrical  pulses,  the  emission 
from  this  laser  represents  a  series  of  regular  nanosecond  pulses  with  a  time 
interval  between  them  on  the  order  of  tens  of  microseconds.  Such  a  laser  may 
be  used  for  stroboscopic  photography  of  periodic  processes  (9l,  and  may  also 
be  combined  with  a  high-speed  photorecording  camera  of  the  "rotating  mirror" 
type  for  recording  rtpld-action  processes  [lO]. 

As  another  application  of  the  Kerr  cell,  we  may  mention  ita  use  for 
shortening  a  laser  pulse  to  be  used  for  photographing  plasma  plumes  obtained 
at  the  focus  of  another  laser.  In  Ref.  [l],  this  was  used  to  obtain  five- 
frame  shadow  interferometric  end  schlieren  photographs  with  an  exposure  of 
3  nsec  and  a  delay  between  frames  of  Uo  nsec. 

In  the  present  work,  an  improvement  in  the  construction  of  a  Kerr  cell 
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Fig.  11.  High-speed  seven-froac  sbadcwgraph  of  shock  wave  in  air  at  pressure 
of  p  ■  0,J*  am  Hg,  formed  by  expansion  of  laser  "spark".  Exposure  of 
each  frame  was  l,5»10"5sec;  interval  between  frames  was  36»10”53ec, 

The  arrow  indicates  direction  of  the  neodymiwj  laser  beam. 

permitted  a  shortening  of  the  exposure  time.  Figure  11  shows  the  seven-frame 

shadowgraph  of  a  shock  wave  in  the  light  of  a  ruby  laser.  The  interval  between 
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framea  was  36,6  nsec.  The  duration  of  the  pulse  from  the  ruby  laser  after 
sharpening,  measured  between  the  half-intensity  points.  Is  ~  nsec,  and 
at  half-power,  ^  2  nsec,  which  ensures  an  exposure  time  per  frame  of  ~  2  naec. 

The  shock  wave  was  formed  by  the  expansion  of  a  spark  created  when  the  beam 
of  a  Q-swltched  neodymlUL'.  laser  was  focused  on  the  surface  of  a  carbon  fiber 
placed  in  a  vacuum  chamber.  The  renidual  air  pressure  vas  ~  0,U  ima  Hg.  The 
radiant  energy  of  the  nhc-dymium  Inner  was  ~  1.5  J,  and  the  duration  cf  its 
pulse  at  the  haJ f-intcnsj ty  point  was  ~  15  nsec.  The  beau  was  focused  by 
a  lens  with  a  focal  length  of  /  ®  10';  mn,  so  that  the  diameter  of  the  focused 
spot  was  3'10"'^Ciii,  und  the  radiation  flux  density  was-lC“^^  W/cn“^, 

Thw  first  frame  of  the  rhetocraph  corresponds  to  the  lai-nient  when  the 
amplitude  of  the  nec'iymium  laaer  striking  the  target  is  ut  its  maxisium.  In 
this  frame,  wts  see  a  non-tranapareot  region  near  the  eurfsec-  cf  tne  target, 
with  a  chayacterietir  dimension  of  ~  0,2  cm,  .^ter  the  end  of  the  pulse,  the 
plasma  begins  to  expand  adlabstlaall^' ,  forming  thereby  a  shock  wave  in  the 
residual-gas  attoephere.  The  shcck  wave  with  its  sharp  front  is  clearly 
visible  in  the  second  and  kll  fonowing  frsmes.  The  initial  velocity  of  the  shock 
wave,  as  determined  from  the  photograph,  is  —  6*10^cm/seCc  The  shock  wave  has 
a  distinctly  pronounced  spherical  shape,  A  significar.t  deceleration  is  observed 
as  it  expands,  so  that  after  ~  150  nsec,  which  corresponds  to  the  seventh 
frame,  the  velocity  is  ~  3»10^cm/sec, 

In  culditioc  to  solving  optical  problems,  the  high-speed  Kerr  cell  may  finu 
application  in  studying  the  parameters  of  high-voltage  electrical  pulses  on  a 
load.  In  determining  the  time  resolution  of  measuring  circuits  for  short  light 
signals,  and  so  forth.  We  have  used  a  Kerr  cell  to  determine,  from  the  form  cf 
the  light  signal  passing  across  the  cell  through  crossed  polarizers,  the  form  of 
the  electrical  rise  front  on  the  plates  of  the  Kerr  cell.  Calculations  were 
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made  with  the  aid  of  Eq.  (3),  and  the  raault  ie  ehowp  in  Fig.  7b,  in  the 
form  of  the  curvea  6^  ■  6^(t)  and  U  “  U(t),  The  duration  of  the  electrical 
pulse  front  ^  vaa  determined  from  Fig.  4b  to  be  2.3  naec.  The  calculated 
value  of  la  2,1  naec. 

In  conclusion,  the  authors  express  their  deep  appreciation  to  Academician 
N.G.  Besov  for  his  constant  attention  to  their  work,  and  to  O.H.  Krokhin  for 
discussing  the  results. 
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